Abstract-Electroluminescence
I. INTRODUCTION
E LECTROLUMINESCENCE (EL) from solar cells is a valuable tool to explore both the correlation of intensity with cell performance and possible variations in uniformity over the area of a cell. Correlation with cell voltage has a particularly strong foundation, which is known as the reciprocity relationship [1] . According to the reciprocity relationship, a solar cell will realize its maximum theoretical open-circuit voltage when the only recombination within the cell is radiative. In this limit, an ideal solar cell will also behave as an ideal LED (maximizing the efficiency of converting electricity-to-light and light-toelectricity). External quantum efficiency of an LED (EQE LE D ) is a useful figure of merit for an LED and is defined as the ratio of injected carriers which recombine radiatively with the resulting photon emitted from the device to the total injected carriers.
In the current study, the intensity-voltage (EQE LE D versus V OC ) relationship is examined for a large number of thin-film polycrystalline CdTe cells, a crystalline GaAs reference cell, and an AlGaAs LED of similar bandgap. The measurements and analysis were extended in selected cases to explore variations in EL uniformity and instances of failure of the EQE LE D versus V OC relationship.
II. EXPERIMENT
The CdTe cells measured were made at Colorado State University (CSU), Abound Solar, and First Solar. CdTe samples manufactured at CSU and Abound Solar were fabricated with a closed-space sublimation technique with a TEC-10/CdS/CdTe structure [2] . TEC-10 is a Pilkington product of glass coated with a transparent conductive oxide. Various window layers [3] , thicknesses of window layers, passivation treatment times, and a back-contact barrier were used for this experiment. The CdTe devices presented here cover a range of photovoltaic conversion efficiencies from 10% to 19%. The crystalline GaAs cell has an efficiency of 18%, and the AlGaAs LED an efficiency of ∼3%. Devices used have a diode ideality factor between 1.6 and 2.0, calculated from their light current-voltage (J-V) curves.
CSU and Abound Solar CdTe devices have a peak EL emission centered at 835 nm with a FWHM of 40 nm and an active area of ∼ 1 cm 2 . The GaAs device used has a peak EL emission centered at 872 nm with a FWHM of 35 nm and an active area of 4 cm 2 . The AlGaAs LED used has a peak emission centered at 850 nm with a FWHM of 20 nm. Its active area of 9.4 × 10 -4 cm 2 was calculated from EL images. The peak emission wavelength in each case was near the bandgap of the respective device.
J-V measurements were done with a four-probe technique under standard measurement conditions. EL measurements were performed with an 8.3-megapixel cooled-Si CCD detector operating at −25°C, as described elsewhere [4] . EL measurements performed on polycrystalline CdTe cells were typically done with an injection current density of 40 mA/cm 2 and an exposure time of 100 s. Due to large differences in EQE LE D [5] , EL exposure times for GaAs and AlGaAs samples were proportionally shorter. All EL values in this paper are the mean integrated EL intensity value normalized to exposure time and injection current density and will be referred as "normalized EL intensity" throughout. For selected cells, the linear dependence of EL intensity on current was checked and found to hold. Other than background subtraction, correction factors for EL images, as described elsewhere [6] , were not taken into account as they were less than 20%. The EL graphs and images are displayed on a log-scale, and ImageJ software was used for image processing and analysis.
III. RESULTS
In previous work [4] , the EL intensity from CdTe cells was found to correlate well with open-circuit voltage as also noted in [7] for CIGS cells. In Fig. 1 , the dataset has been expanded to include CdTe cells of different window layers [3] , window-layer thicknesses, manufacturers, and absorber materials, as well as a GaAs cell and an AlGaAs LED.
Shockley and Queisser [8] showed that the voltage of a single p-n junction solar cell should achieve its maximum theoretical value when the only recombination within the cell is radiative. If this is realized, the open-circuit voltage (V OC ) should be equal to V RAD OC , as given by (1) and discussed in [1] :
where k b T /q is the thermal voltage, J SC is the measured shortcircuit current density, and J ideal 0
is the ideal saturation current density as described by [1] and [8] 
Fig. 1 is a plot of the normalized EL intensity (proportional to EQE LE D ) for the cells as a function of difference between V RAD OC
and measured V OC . It shows that (2) holds empirically for solar cells of two absorber materials and also for a commercial LED, as predicted by Rau [1] .
The magnitude of the inverse slope from the fit in Fig. 1 is approximately 25 mV, in agreement with (2) and is not significantly affected by nonuniformities in EL emission. The correlation holds over more than four orders of magnitude for the CdTe cells and over six decades if the other devices are included. Fig. 1. In Fig. 2, cell (a) is a typical CdTe cell with uniform EL intensity, cell (b) is a CdTe cell with a less-uniform window layer, cell (c) is a CdTe cell that had a non-uniform temperature profile during its Cl passivation treatment, and cell (d) is a GaAs cell.
Histograms of EL variation from three cells in Fig. 2 are plotted in Fig. 3 with each curve's peak normalized to unity. Cell (a) has a relatively uniform EL emission (±14%), whereas the higher voltage CdTe cell cell (b), has a wider EL distribution (±18%) plus a tail at lower intensities, corresponding to the spots seen in Fig. 2 . Cell (c) has two distinct EL intensities, and a voltage similar to cell (a) with a narrow EL distribution and a tail at higher intensities (not shown in Fig. 3) . Cell (d) also Fig. 4 (a) . J-V curves from a typical CdTe cell, GaAs cell, and AlGaAs LED. All samples are included in Fig. 1. (b) J-V curves of CdTe cells with no barrier, a back-contact barrier, and a barrier in the window layer. The last one does not follow the trend in Fig. 1. displays nonuniformity (±20%) due to physical break in some of the front-contact bus bars.
The light and dark J-V curves for the GaAs cell, the AlGaAs LED, and the typical CdTe cell are plotted in Fig. 4(a) . Each of these cells is included in Fig. 1 , and each of these have wellbehaved light and dark curves.
In contrast, the J-V curves from a CdTe device with a major failure of the light-dark superposition, likely due to band alignment in the window layer [3] , and one with a significant back-contact barrier, as well as the typical CdTe device with no barrier, are plotted in Fig. 4(b) . The device with a barrier in the window layer does not follow the fit in Fig. 1 , unlike the other devices in Fig. 4 . Based on the measured EL intensity and the trend in Fig. 1 , the expected voltage of this cell would be 0.82 V, significantly different from its measured open-circuit voltage of 0.46 V. This difference could be anticipated, since superposition of the J-V curve fails badly, violating one of the assumptions in the derivation of (2) . The open-circuit voltage predicted by EL is in fact similar to that which a translation of the dark J-V would predict.
The CdTe cell with a back-contact barrier, however, is in agreement with the trend in Fig. 1 . Unlike the cell with a barrier in the front where superposition fails, this device has two diodes of the same polarity. The typical CdTe cell was used as the primary diode when making the cell with the significant backcontact barrier. Consequently, their similar open-circuit voltages and EQE LE D are as expected.
The light from EL emission is generated near the main junction, which suggests that EQE LE D is a valuable metric of the quality of the main junction. As Wang and Lundstrom [9] have pointed out, one would not expect the reciprocity relationship to hold if the measured cell open-circuit voltage is not equal to the voltage across the primary cell diode. This explains why the CdTe cell with a back-contact barrier is in agreement with the trend in Fig. 1 , despite a modest deviation from superposition.
IV. CONCLUSION
EL from solar cells is a valuable tool to explore both the correlation of intensity with cell performance and possible variations in uniformity over the area of a cell. Normalized EL intensity has been found to correlate very well with the difference between ideal and measured open-circuit voltage from devices that include a GaAs cell, an AlGaAs LED, and several CdTe cells with variations in manufacturing. The magnitude of the inverse slope was approximately 25 mV, in agreement with theory [1] , despite nonuniform EL emission in several cases. The results also suggest that the reciprocity relationship does not hold for devices which the measured cell open-circuit voltage is not equal to the voltage across the primary cell diode, as is the case for a cell with a second diode barrier in the window layer.
